Regulation of the inflammatory response is complex and poorly understood. AICD via apoptosis is a mechanism thought to be important in regulating proliferating immune cells. Apoptosis has been observed in each immune cell type after activation and may be important in terminating the immune response (1) (2) (3) . The Fas-FasL system is recognized as a major pathway for the induction of apoptosis in activated immune cells (1) (2) (3) . Fas (CD 95) is a type I membrane protein of the TNF-receptor family of proteins and is widely expressed in many tissue types, both constitutively and after activation (4, 5) . Expression of FasL, a type II membrane protein with significant homology to TNF-␣, is restricted to activated T and B lymphocytes and NK cells (5) . The interaction of FasL with Fas on a target cell triggers apoptosis of that cell (4) . Because the expression of FasL is regulated more strictly than Fas, its expression by effector cells is thought to be a triggering event in inducing programmed cell death (6) .
Fas-mediated apoptosis is suppressed by incubating leukocytes in vitro with proinflammatory cytokines and endotoxin (7, 8) . Several hypotheses have been suggested to explain this including release of a soluble form of Fas capable of blocking the interaction of membrane-bound Fas with its ligand, thereby preventing apoptosis (3, 9) . The addition of sFas perpetuates proliferation of stimulated T cells in culture (10) . Several studies have shown reduced Fas-mediated apoptosis of neutrophils obtained from humans suffering from the systemic inflammatory response syndrome, burn injuries, or surgical trauma (11, 12) . The shedding of sFas may represent a controlled host response to inflammation allowing activated immune cell survival until infection or tissue injury is resolved.
Interruption of Fas-mediated apoptosis has been implicated in disease states characterized by dysregulated inflammation. Mutations in both the Fas receptor (lpr/lpr) or the FasL (gld/ gld) are present in mouse models of SLE in which accumulation of lymphocytes occurs, resulting in pathologic condition (4) . Administration of exogenous sFas can induce autoimmune disease experimentally, and sFas serum levels are increased in human SLE suggesting that sFas can block apoptosis resulting in clinically significant pathophysiology (9) .
Perturbation of Fas-FasL-mediated AICD may also contribute to the pathogenesis of sepsis-induced MOF. A potentiated inflammatory response to bacterial superantigen is seen in the lpr/lpr mice suggesting that Fas signal disruption may permit a more vigorous inflammatory response (13) . A dysregulated proinflammatory response has been hypothesized as an explanation for the development of sepsis-induced MOF. In children with persistent sepsis-induced MOF, uncontrolled inflammation exists as indicated by increased markers of both the proand antiinflammatory response (serum IL-6, IL-10, and nitrite ϩ nitrate levels) (14 -16) . Adults with MOF demonstrate higher sFas serum levels, which correlate with serum nitrite ϩ nitrate levels, supporting this hypothesis (17, 18) . A role for sFas and failed AICD has yet to be evaluated in children with sepsis and MOF.
Shedding of the sFasL may contribute to the development of sepsis-induced MOF through another mechanism. Viral infection activates metalloproteinases on the surface of lymphocytes and NK cells causing shedding of FasL (5) . sFasL as well as agonist Fas antibody (mimcs sFasL) are capable of inducing cytotoxicity, hepatocyte destruction, and mortality in mice through the interaction with hepatocyte Fas (19 -23) . Morerecent data have demonstrated that membrane-bound FasL is much more efficient at killing Fas-bearing cells. In fact, sFasL administered at low doses inhibits hepatocyte cytotoxicity by occupying but not inducing the cross-linking of membranebound Fas receptors necessary for Fas signaling (19 -22) . In human disease, however, serum sFasL levels are increased in leukemias and lymphomas presenting with remote organ injury caused by lymphoproliferation as well as viral hepatitis. SFasL levels correlate with organ injury severity scores suggesting that sFasL may in fact be cytotoxic in disease states characterized by increased expression and shedding of sFasL despite conflicting data from animal and immortalized cell line studies (24 -26) .
Children with severe sepsis commonly develop MOF. Unlike adults, the majority of these children (90%) present with a simultaneous pattern of organ failure. A smaller group develops MOF in a sequential manner that is more typical of the adult pattern of MOF (17, 18) . SMOF syndrome is characterized by respiratory failure followed by the development of liver and renal failure. Because activation of Fas signaling is associated with liver injury, it is plausible that sFasL is involved in the pathogenesis of liver failure-dependent SMOF in children.
In the present study we tested two hypotheses in children with severe sepsis syndrome. First, if perpetuation of activated immune cells plays a role in PMOF through Fas-dependent mechanisms, then exaggerated inflammation should be associated with increased sFas shedding over time. Second, if sFasL is shed by viral activation of immune cells and if it is deleterious to hepatocyte function, then increased sFasL levels should be associated with viral sepsis, liver dysfunction, and the development of SMOF.
METHODS
Patient selection. The Children's Hospital of Pittsburgh Institutional Review Board approval was obtained for this protocol, and informed consent was obtained. Consecutive children with a presumed diagnosis of sepsis were enrolled within 24 h of presentation to the pediatric intensive care unit. The criteria for sepsis used were modifications of those described by Bone et al. (27) including clinical suspicion of sepsis, hyper-or hypothermia (rectal temperature Ͼ38.5°or Ͻ35°C), tachycardia, and at least one of the following indications of altered organ perfusion and function: altered mental status, hypoxemia, elevated serum lactate level, oliguria, delayed capillary refill (Ͼ5 s), or bounding pulses. Exclusion criteria included death within the first 2 d of the study. Children receiving any exogenous nitric oxide source such as inhaled nitric oxide, nitroprusside, or nitroglycerin were excluded from analyses involving nitrite ϩ nitrate levels. Fourteen critically ill children who were afebrile and not suspected of having infection were sampled on d 1 and used as a control group.
Each child was assigned an OFI score daily for the first 3 d. The components of the OFI are modifications of the multiple organ system failure scoring system for children described by Wilkinson et al. (28) and Proulx et al. (29) (Table 1) . Children were grouped on the basis of the OFI. Children were separated into PMOF, which was 3 OFI on d 3, resolved MOF, in which 3 OFI present on d 1 or 2 improved to Ͻ3 by d 3, and NMOF, in which Ͻ3 OFI was present throughout the 3-d course (15, 16) . In a separate analysis children were grouped according to the pattern of MOF developed. Any child who developed hepatic and renal failure after presenting with respiratory failure was designated as SMOF and all others were designated no SMOF (15, 16) . Nonsurvivors were those children who survived the initial 3-d sampling and scoring period but did not survive beyond 14 d.
sFas, sFasL, and cytokine plasma levels. Two milliliters of blood was obtained on d 1 and 3 of sepsis. sFas, sFasL, IL-10, and IL-6 plasma levels were quantified by ELISA with reagents and kits from Oncogene Research Products (Cambridge, MA, U.S.A.), Medical and Biologic Laboratories Co, LTD (Nagova, Japan), Pharmingen (San Diego, CA, U.S.A.), and Genzyme (Cambridge, MA, U.S.A.), respectively.
Nitrite ؉ nitrate determination. The plasma samples were deproteinized followed by direct measurement of plasma nitrite 923 FAS AND MULTIPLE ORGAN FAILURE IN SEPSIS levels. Also, the plasma nitrate was reduced (by cadmium reduction) to nitrite with subsequent nitrite quantitation. Nitrite levels were quantitated using the Griess reaction (30) . Data are reported as nitrite plus nitrate values in moles per liter.
Statistics. Two-way repeated measures ANOVA with Student-Newman-Keuls test for multiple comparisons was used to compare sFas and sFasL levels in children with PMOF, resolved MOF, or NMOF; SMOF versus NMOF, and nonsurvivors versus survivors. Mann-Whitney rank sum was used to compare all children with sepsis to control children. Generalized estimating equations were used to examine relationships between Fas and FasL with the presence of organ failure, bacterial, fungal, and viral culture status, age, and transplant status. Spearman correlation, , was used to determine associations between cytokine levels and Fas and FasL levels. Statistics were evaluated using SAS Institute (Cary, NC, U.S.A.).
RESULTS
Ninety-two children with sepsis were enrolled, with ages ranging from 1 d to 20 y. The cause of sepsis was 56% bacterial, (50% being Gram-positive and 50% Gram-negative), 12% viral, 8% fungal, and 22% culture-negative. Thirty-five percent had no other medical problems, 22% were transplant recipients (four bone marrow, 18 solid organ), 14% had malignancies, 13% were newborns, 7% had cerebral palsy or developmental delay, 3% were awaiting transplants, 2% were postoperative, 1% had trauma, and 1% had a known immune deficiency syndrome. Twenty-two percent were neutropenic. Eight children had SMOF. Four children had lymphoproliferative disease, two were primary EBV-related, and two were posttransplantation EBV-related. Plasma samples were obtained from 12 critically ill control patients. Their diagnoses included status asthmaticus, status epilepticus, severe closed head injury, gunshot wound, multiple trauma, end-stage liver disease, ventriculoperitoneal shunt malfunction, tricyclic antidepressant overdose, CNS resection, and persistent pulmonary hypertension.
sFas levels were increased in sepsis patients on d 3 only compared with control patients and in nonsurvivors compared with survivors (p Ͻ 0.01; Table 2 ). Increasing sFas levels s a function of time were present in children with PMOF (p Ͻ 0.01) and SMOF (p Ͻ 0.001), and tended to be increased in nonsurvivors (p Ͻ 0.06; Table 2 ). Increased sFas levels were associated with fungal infection (p Ͻ 0.05) and lymphoproliferative disease (p Ͻ 0.001). Multivariate analysis controlling for age, transplant status, and infection cause showed an association between sFas and hematologic (p Ͻ 0.001) and hepatic (p Ͻ 0.001) failure. sFas levels correlated to serum IL-6, IL-10, nitrite ϩ nitrate levels, and OFI on d 3 ( ϭ 0.3-0.5; p Ͻ 0.05).
There was no difference found between sFasL levels in the sepsis and control population; however, increased sFasL levels were present in children with SMOF (p Ͻ 0.01) and nonsurvivors (p Ͻ 0.05; Table 3 ). Increased sFasL was associated with viral infection (p Ͻ 0.005) and lymphoproliferative disease (p Ͻ 0.0001). To exclude the possibility that the associ- 1 Maximum score ϭ 6 * Organ failure is defined by meeting all criteria for each organ system. The most abnormal values of the day were used to determine the daily score. The organ failure index is the sum of points given for each type of organ failure. Elevated bilirubin in neonates was not scored.
Abbreviations: MAP, mean arterial pressure; PaO 2 , arterial oxygen pressure; FiO 2 , fraction of inspired oxygen; PT, pro-thrombin time; PTT, partial thromboplastin time; ALT, alanine transaminase; AST, aspartate transaminase. (Table 4) . Hepatic lymphocyte infiltration was present in six of the seven patients with sFasL levels greater than 150 ng/mL (median for control patients) on d 3 of sepsis. Three of the four patients with the highest sFasL levels had variable degrees of hepatic injury, and the child with the highest sFas and sFasL levels showed massive liver destruction. The five children with sFasL levels below 150 ng/mL on d 3 showed no evidence of hepatic lymphocyte infiltration or injury.
DISCUSSION
Our study supports a role for the Fas-FasL system in the development of sepsis-induced MOF. Children with PMOF and nonsurvivors, who have a dysregulated inflammatory response, displayed increasing serum sFas levels with time. Nonsurvivors and children who developed the sequential form of MOF involving the liver had increased levels of both sFas and sFasL, suggesting that organ injury, particularly hepatic, may be Fas-related. Either sFas-mediated inhibition of AICD perpetuating inflammation or FasL-mediated organ injury from infiltrating lymphocytes shedding or bearing sFasL could explain this observation. This concept is supported by our autopsy findings, which demonstrate an association between hepatic lymphocytic infiltration, increased sFasL levels, and severe liver destruction.
The source of sFas in sepsis-induced MOF is not known. Increased sFas has been reported in lymphomas (not myelodysplasias), thrombotic thrombocytopenic purpura, DIC, SLE with organ injury (hepatic and renal), and MOF (31-34), suggesting activated lymphocytes or possibly endothelium as sources for increased shedding of sFas. Others report that serum sFas levels reflect the severity of hepatic injury and hepatic Fas expression in fulminant and chronic hepatitis (25, 35) . We also observed increased serum sFas in children with sepsis compared with control children and noted a link between increased sFas levels and liver or hematologic failure (DIC). It is not known whether the source of sFas in sepsis-induced MOF is related to shedding from inflammatory cells, injured Increased sFas shedding was associated with increased levels of inflammatory mediators. Like inflammatory cytokines and nitric oxide, increased sFas levels correlated with a worsening OFI, suggesting a link between continued sFas shedding, dysregulated inflammation, and the development of MOF. sFas levels continued to increase with time in PMOF and SMOF, supporting sFas as a potential effector in sepsis-induced MOF syndromes. We speculate that because increasing sFas levels were associated with infections not rapidly responsive to therapy, namely fungal and EBV-related lymphoproliferative disease, persistent infection or antigen presence may perpetuate the inflammatory response via release of sFas.
Experimental administration of agonistic antibody to Fas, which has sFasL-like activity, induces fulminant liver destruction and lethality via hepatocyte Fas interaction, leading to activation of caspases central to many apoptotic pathways (23, 26, 36) . Lethality and liver damage induced by this treatment can be abrogated by apoptosis inhibitors (36 -39) . These studies indicate that activation of hepatocyte Fas via sFasL-like molecules is an important mechanism for liver injury.
Many experimental studies support a pathologic role for FasL in animal models of hepatitis, endotoxemia, and polymicrobial sepsis, as well as graft-versus-host disease (22, 26, 40, 41) . In human disease, increased circulating sFasL was found in aggressive lymphomas presenting with distant organ failure, hepatitis, and hemophagocytic lymphocytic histiocytosis and Diamond-Blackfan syndrome (24, 42) . Experimental administration of recombinant sFasL induced cell death in vitro and lethality, which was potentiated by preexisting inflammation (22) . These findings support sFasL as a trigger for cell death with its deleterious effect potentially greatest in the setting of systemic inflammation. Some reports suggest that FasL must be membrane-bound to induce apoptosis via receptor crosslinking on Fas-bearing cells. These reports also suggest that sFasL without receptor cross-linking ability may, like sFas, inhibit Fas signal transduction; however, the potentiating role for preexisting inflammation was not assessed in these models (19 -21) . Currently, a complete understanding of the role of this molecule in human disease is not well defined, and existing data do not rule out the possibility that tissue specificities may determine the differential effects of sFasL from membranebound FasL during inflammatory processes.
In our study, sFasL levels were associated with viral sepsis and EBV-induced lymphoproliferative disease. T cells and NK cells can release sFasL when activated, and increased serum sFasL levels in viral disease may represent lymphocyte activation critical to eradication of virus-infected cells. In contrast to sFas, sFasL levels did not correlate with markers of inflammation or development of PMOF. This finding suggests that sFasL may have a different role compared with sFas in the children with severe septic shock. In agreement with adult studies, both sFasL and sFas levels were associated with liver failure and DIC (22) (23) (24) (25) (26) (33) (34) (35) . Current literature suggests that sFasL may interact with hepatic Fas and induce liver injury, thereby inducing shedding of sFas (24, 25, 36) . We extended these findings by demonstrating in children an association between sFas and sFasL with sepsis-induced liver failure and with SMOF, a liver failure-dependent categorization. FasL on infiltrating lymphocytes may also interact with hepatocyte Fas independent of the effect of circulating sFasL (25, 34) . Our autopsy results support a role for Fas in sepsisinduced liver injury, possibly mediated by hepatocyte lymphocyte infiltration. The seven nonsurvivors with hepatic lymphocyte infiltration and hepatic destruction had higher sFas and sFasL levels than the five nonsurvivors without hepatic lymphocyte infiltration or injury.
Our study is limited by an inability to determine the source of circulating sFas and sFasL as well as an inability to establish any cause and effect relationships. Unlike previous studies in adult patients, we did not perform sequential flow cytometry evaluations of circulating inflammatory cell populations to determine whether sFas prevented AICD, and we did not obtain liver biopsies to establish a relationship between sFas levels, hepatic Fas expression, and apoptosis or sFasL levels and lymphocyte FasL expression. In addition, although sFasL was associated with liver pathologic state and not with inflammatory mediators, we did not determine that sFasL associations were independent of TNF-␣, a known mediator of hepatic injury also expressed in septic shock.
CONCLUSIONS
In conclusion, we have found that sFas was associated with dysregulated inflammation and PMOF and that increased sFas and sFasL were associated with liver dysfunction, DIC, and the development of SMOF in children with severe sepsis. Our study suggests that sFasL shedding occurs in severe viral sepsis, and supports a role for perturbed Fas-FasL interactions in lymphoproliferative disease associated with EBV sepsis. Because experimental models suggest that various therapeutic strategies can be effective in Fas-FasL-mediated diseases (23) (24) (25) (26) (37) (38) (39) (40) (41) (42) , we speculate that improved understanding of the role of Fas-FasL interactions in humans could have therapeutic implications for children with severe viral sepsis, EBVmediated lymphoproliferative disease, and liver-associated SMOF syndrome.
